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Arabidopsis thalianaFrom Brazilian weeds with typical symptoms of a geminivirus infection, the DNAs of two new virus species, two
newstrainswith twovariants of alreadyknownbipartite begomoviruseswere sequenced.Moreover, theﬁrst two
DNA 1-like satellites (α satellites) occurring naturally in the New World were identiﬁed. They are related to
nanoviral DNA components and show a typical genome organization with one open reading frame coding
potentially for a replication-associated protein (Rep), a conserved hairpin structure, and an A-rich region. After
coinoculation with their helper begomoviruses (Euphorbia mosaic virus, EuMV or Cleome leaf crumple virus,
ClLCrV) the satellite DNAs were transmitted to experimental and natural host plants. Three of the begomovirus
isolates (EuMV and ClLCrV) infected Arabidopsis thaliana plants, induced mild symptoms, and one of these
(ClLCrV) transreplicated the satellite efﬁciently. As a result, several novel tools for molecular analyses of this
important model plant are provided.. Jeske).
Resistance Program, National
.
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Geminiviruses are plant pathogens which cause severe yield losses
in crop plants all over the world (Jeske, 2009). They consist of circular
single-stranded DNA (ssDNA) of about 2.6–3.0 kb, packed into twin-
shaped icosahedral particles. Four genera of geminiviruses have been
described (Mastrevirus, Curtovirus, Topocuvirus and Begomovirus), all
of which differ in genome organization, host range and insect vector.
Viral species in the genus Begomovirus can be subdivided into the Old
Word begomoviruses, which are widespread in Asia, Africa and
Europe consisting of mono- and bipartite genomes, and the New
World begomoviruses, which are prevalent in the Americas with only
bipartite genomes for the indigenous viruses. They are transmitted by
the whiteﬂy Bemisia tabaci (Gennadius), which has over 500 host
plants in several plant families (Greathead, 1986; Simmons et al.,
2008) and is widespread in Latin America as well as other tropical and
subtropical regions around the world (Morales and Anderson, 2001;
Morales and Jones, 2004). In Latin America, with one of the highest
diversity and distribution of whiteﬂy-transmitted geminiviruses, food
staples are highly affected (reviewed in Morales, 2006). The tomato
production in Brazil is reduced up to 100% in some regions due to
geminiviruses (Fernandes et al., 2008; Ribeiro et al., 2003). Some of
the economically important geminiviruses are related to viruses inweeds (Andrade et al., 2006; Castillo-Urquiza et al., 2008), with a
particular high diversity in Sida spp. plants (family Malvaceae). For
example, the Sidamicranthamosaic virus complex consisted of at least
three bipartite viruses (Jeske et al., 2010; Jovel et al., 2007; Jovel et al.,
2004).
Beside geminiviruses, members of the plant-infecting family
Nanoviridae contain circular single-stranded DNA. They possess
multipartite genomes consisting of six to eight essential DNA
components of about 1 kb each encapsidated in icosahedral particles
(Grigoras et al., 2009; Gronenborn, 2004). Some of their components
have adapted to geminiviruses during evolution, and the resulting
helpervirus-dependent individual molecules are called DNA 1
satellites, or α-satellites. A second class of satellites, the β-satellites
with 1.3–1.4 kb circular single-stranded DNA, is distinct from
geminiviruses and nanoviruses in sequence. Both, α- and β- satellites
were so far found to be transreplicated and transmitted only by the
help of begomoviruses from the Old World (OW, reviewed in Briddon
and Stanley, 2006; Stanley, 2004). However, the experimental
transreplication of β-satellites by New World begomoviruses has
been reported recently (Nawaz-ul-Rehman et al., 2009), extending
previous results on the promiscuity of the β-satellites (Alberter et al.,
2005 and references therein). DNA 1 satellites were ﬁrst detected
when associated with disease complexes of DNA β and helper virus
(reviewed in Briddon and Stanley, 2006;Mansoor et al., 2003; Stanley,
2004). They may have adapted to whiteﬂy transmission after
begomoviruses and nanoviruses had co-infected common host plants
(Mansoor et al., 1999; Saunders et al., 2002; Saunders and Stanley,
1999). Their single open reading frame encodes a replication-
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and a predicted hairpin structure within the origin of replication
(Briddon et al., 2004). The coding region is most closely related to
those of nanoviral Reps. DNA 1 can replicate autonomously, but a
helper virus is required for systemic spread in plants and for insect
transmission (Saunders et al., 2000, 2002; Saunders and Stanley,
1999). No effects on symptom development have been reported for
any DNA 1 (Briddon et al., 2004).
Recently, rolling circle ampliﬁcation (RCA) using the bacterio-
phage Phi29 polymerase in combination with random hexamer
primers (Dean et al., 2001) simpliﬁed geminivirus diagnosis and
cloning (Haible et al., 2006; Inoue-Nagata et al., 2004). Without
knowledge of the sequence, all small circular DNAs in a given sample
are enriched and can be easily identiﬁed by restriction fragment
length polymorphism (RFLP; Haible et al., 2006; Homs et al., 2008;
Jeske et al., 2010; Owor et al., 2007; Schubert et al., 2007). The
ampliﬁcation products can be sequenced directly (Jeske et al., 2010;
Schubert et al., 2007) or used for cloning of geminiviral full-length
genomes in bacteria (Ferreira et al., 2008; Inoue-Nagata et al., 2004;
Paprotka et al., 2010a; Paprotka et al., 2010b; Wu et al., 2008) and
biolistic inoculation (Haible et al., 2006; Jeske et al., 2010; Knierim and
Maiss, 2007).
Using these tools, the ﬁrst two DNA 1-like α satellites from the
Americas were identiﬁed. One was associated with a Brazilian strain
of Euphorbia mosaic virus and the other with a newly discovered
Begomovirus species named Cleome leaf crumple virus.
Results
Genome analysis of new Begomovirus species and strains
Leaf material from symptomatic plants belonging to the families
Malvaceae, Euphorbiaceae and Capparaceae (Figs. 1a–f, left) was
collected in one small savaged garden in the city of Miranda (Mato
Grosso du Sul, Brazil) and its DNAs were saved on FTA cards.Fig. 1. Viral symptoms of the natural source hosts (left columns) and of the experimentally
plus its satellite (EuMD-MGS1) (a), Euphorbia spp. with EuMV-MGS2 (b), Cleome afﬁniswith
Brazil virus (SiMBV) (d), Sida rhombifolia plants with Sida micranthamosaic virus (SimMV-M
each source plant were enriched by RCA, and the products were biolistically inoculated to N
plants.Geminiviral DNAs were enriched by RCA and analyzed by RCA/RFLP
using Hpa II, BamHI, Pst I, Eco RI, Cla I or Sac I restriction enzymes. The
samples revealed the same diverse band patterns (data not shown) as
those after biolistic inoculation of RCA products to Nicotiana
benthamiana plants (Figs. 1a–f, right; Fig. 2). The results indicate
that each of the source plants were infected by a different virus isolate.
No mixed infection was obvious, as calculated by the sum of fragment
sizes (Fig. 2). This is notable, because the host plants grew closely
together in the savaged garden and were heavily infested with
whiteﬂies at the time of collection. Full-length fragments of the viral
RCA products were cloned in bacteria and sequenced completely.
According to ICTV guidelines which propose a demarcation
threshold of 89% nucleotide sequence identity (SI) for begomoviral
species and 94% for their strains (Fauquet et al., 2008), two new virus
species and two new strains with two variants each, all belonging to
the genus Begomovirus, were identiﬁed. All the isolated viruses were
bipartite with the typical genome organization of New World
begomoviruses (Jeske, 2009), harboring on the DNA A component
one ORF in viral and four ORFs in complementary sense orientation,
and on the DNA B component one ORF each in viral and
complementary sense orientation (data not shown).
A new virus species was isolated from a Cleome afﬁnis plant with
leaf crumpling and yellow mosaics (Fig. 1c) for which the name
Cleome leaf crumple virus (ClLCrV) is proposed. Within the sequence
database, its DNA A ismost similar to Tomato yellow vein streak virus-
[Ba-3] (76% SI) and Tomato golden mosaic virus-[YV] (75% SI),
whereas its DNA B sequence is most similar to Tomato mild yellow
leaf curl Aragua virus-[V10] from Venezuela and Euphorbia mosaic
virus isolates from Mexico, Jamaica and Brazil (63–64% SI; for
abbreviations and accession numbers see Tables S2, S3).
A new virus species was isolated from Sida plants with strong leaf
yellowing andmosaics (Fig. 1d) andwe propose the name Sidamosaic
Brazil virus (SiMBV) according to the current ICTV study group rules
(pers. communication). The DNA A component was most closely
related to isolates of the Sida micrantha mosaic virus complexinfected N. benthamiana plants (right columns): Euphorbia mosaic virus (EuMV)-MGS1
Cleome leaf crumple virus (ClLCrV) plus satellite (ClLCrD) (c), Sida spp. with Sidamosaic
GS1:07) (e), and S. micrantha plants with SimMV-MGS2:07 (f). Geminiviral DNAs from
. benthamiana plants. Infected plants (I) are compared to mock-inoculated (M) control
Fig. 2. RCA/RFLP diagnosis of the geminiviruses which had been transmitted to N.
benthamiana plants as described in Fig. 1. RCA products were digested by the indicated
restriction enzymes and the fragments were analyzed on 1% agarose gels. The lanes of
each gel were loaded with the respective samples of EuMV-MGS1 plus EuMD satellite
(#1), EuMV-MGS2 (#2), ClLCrV plus ClLCrD satellite (#3), SiMBV (#4), SimMV-
MGS07-1 (#5) and SimMV-MGS07-2 (#6). Pst I-digested lambda DNA served as
marker (m). The positions of genomic full-length fragments (F) and full-length DNA 1
satellite fragments (S) are indicated. Bands which were assigned to satellite DNAs in
this study are depicted by asterisks.
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(EU710749) from Brazil (80–81% SI), while the DNA B componentwas
similar to SimMV-SP77 (63% SI) and to ToYVSV-[Ba-3] (69% SI).
Two variants of a new SimMV strain were isolated from S.
micrantha and Sida rhombifolia plants with yellow leaves and mosaics
(Figs. 1, e, f) and are named SimMV-Mato Grosso do Sul1:2007 and
-Mato Grosso do Sul2:2007 (SimMV-[MGS1:07] and -[MGS2:07]).
TheirDNAsA showed98%SI and theirDNAsB92%SIwitheachother.
The closest relativeswere SimMV-[A2] and SimMV-[Okra]with 93–94%
SI for DNAs A, and SimMV-[B2], SimMV-[Okra], and SimMV-[B1] with
86–89% SI for DNAs B, respectively.
Two variants of a new Euphorbiamosaic virus (EuMV) strain were
isolated from two Euphorbiaceae plants with strong mosaics and
yellow spots (Figs. 1, a, b), and showed 98% SI with each other for DNA
A as well as DNA B. They were named EuMV-Mato Grosso do
Sul1:2007 (EuMV-MGS1:07) and EuMV-Mato Grosso do Sul2:2007
(EuMV-MGS2:07). The closest relative was EuMV-Peru for the DNA A(89% SI), for which no DNA B has been sequenced so far. Therefore,
EuMV isolates from Mexico and Jamaica were the nearest relatives to
the DNA B of EuMV-MGS2 in the database (70% SI).
The phylogenetic analysis of DNA A (Fig. 3a) and DNA B (Fig. 3b)
nucleotide sequences revealed a relatively high diversity among the
newly described Begomovirus species, although collected in a very
small area. ClLCrV DNA A formed a cluster with several tomato-
infecting geminiviruses from Brazil, whereas the DNA B clusteredwith
EuMV from Brazil and Central America on a separated branch. The
DNA A of SiMBV is located in a cluster with Brazilian tomato and Sida
infecting geminiviruses, whereas its DNA B forms a cluster only with
tomato-infecting geminiviruses. The placing of the DNA A and of the
DNA B in separate branches of the respective trees may suggest an
ancient pseudorecombination event during the evolution of ClLCrV. In
summary, all results are consistent with a Latin American origin of the
newly described begomoviruses.
DNA 1-like satellites can be associated with New World begomoviruses
Prominent bands corresponding to two additional DNAs with half
a genome length were detected only in those samples from which
EuMV-MGS1 and ClLCrV had been isolated (Fig. 2, lanes #1 and #3,
asterisks). Their DNA fragments were cloned in bacteria, sequenced,
and compared to the database using BLAST algorithms. BLASTn
revealed a low SI to geminivirus-associated DNA1 satellites aswell as
to DNA components of nanoviruses suggesting that the fragments
belong to satellites rather than begomoviruses. As recommended by
Briddon et al. (2008), these satellites were named according to their
associated diseases: Euphorbia mosaic virus Mato Grosso do
Sul1:2007-associated DNA 1 (EuMD-MGS1:07) and Cleome leaf
crumple virus-associated DNA 1 (ClLCrD).Their nucleotide
sequences were 75% identical. Both DNAs carry ORFs with homology
to Rep genes with 88% identical amino acids (aa). EuMD DNA
(1331 nts, Fig. 4a) harbors one ORF coding for 314aa of Rep and a
100 nts A-rich region (pos. 1090–1189) with 60% A compared to 30%
A at average. One recombination event was detected between the
satellite (EuMD) and the helper virus DNA B (EuMV-MGS1): a 38 nt
DNA fragment starting directly after the stop codon of EuMD-MGS1
Rep (pos. 1020–1057) shows 100% SI to the DNA B (pos 2386–2349).
The ClLCrD DNA (1351 nts, Fig. 4b) contains one ORF for Rep (313aa)
and a 123 nts A-rich region (pos. 1071–1193, 59% A). Both DNAs
possess a predicted hairpin structure composed of an eight
nucleotide stem and an eleven nucleotide loop, being identical in
sequences and structures to those of group 3 DNA 1 satellites from
Africa (Briddon et al., 2004) for ClLCrD, or with only one G to A
exchange at the second position of the loop in EuMD.
Sequence comparisons of EuMD and ClLCrD with most other DNA
1 sequences revealed a low SI of 40–44% for the complete nucleotide
sequences and 38–40% SI for the Rep amino acid sequence. Only
Ageratumyellowveinvirus-associatedDNA1 fromSingapore (AYVD-Sin)
is more closely related with 52–53% DNA SI and 53–55% protein SI. In
comparison to other α satellites, the nanoviral Rep-encoding
components of Milk vetch dwarf virus C2, Faba bean necrotic yellows
virus C1, and Subterranean clover stunt virus C2 were slightly more
similar to EuMD and ClLCrD (46–48% DNA SI; 43–44% Rep SI).
Phylogenetic trees were calculated using the complete nucleotide
sequences of DNA 1 molecules from Asia and Africa as well as the Rep-
encodingDNAcomponents of plantNanoviridae andanimalCircoviridae.
EuMD and ClLCrD formed a cluster with AYVD-Sin which appeared
separated from other DNA 1 molecules as well as from nanovirus and
circovirus components (Fig. 4c). Using the Rep protein sequences,
EuMD, ClLCrD and AYVD-Sin formed again a separate cluster (Fig. 4d).
Several conserved motifs have been predicted for the protein
sequences of DNA 1 Reps (Briddon et al., 2004).Whereas motifs I, II, III
and B are only slightly conserved in EuMD and ClLCrD Rep, motif A is
conserved with four exchanges compared to most other DNAs 1, and
Fig. 3. Phylogenetic trees of New World begomovirus DNA A and DNA B components which are most closely related to the sequences determined in this study (indicated in bold).
The trees are based on multiple alignments using Clustal X2 after selecting the most closely related DNA A and DNA B components with BLAST. Trees were calculated with the
MrBayes algorithm (included in Topali v2.5) as recommended bymodel selectionwith the generalized time reversible substitution model with 200,000 (for DNA A) and 100,000 (for
DNA B) generations and two runs. Bootstrap values above 0.5 are shown at each branching. Horizontal branches are proportional to the calculated substitutions per site (bar), vertical
branches are arbitrary. Virus names and accession numbers are listed Tables S2 and S3.
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insertion with AYVD-Sin at the C-terminus, which was absent in any
of the otherα satellites or nanovirus Reps (Fig. 4d). On the other hand,
AYVD-Sin Rep terminates like nanovirus Reps, whereas EuMD and
ClLCrD Rep are extended by 19aa like the OW α satellites.
In summary, the ﬁrst α satellites to be identiﬁed on the American
continent are different from other known OW α satellites, except for
AYVD-Sin. Theywere associatedwith twodistinct viruses (EuMV-MGS1
and ClLCrV), which differed in their nucleotide and Rep sequences.
Although present in the same small garden, theα satellites were absent
from plants infected with the other begomoviruses identiﬁed in this
study. These results suggest that both α-satellites have evolved
separately on the American continent and have not recently been
imported from other continents.
Infection of experimental and natural hosts
All viruses infected N. benthamiana plants systemically (Fig. 1) as
veriﬁed by RCA/RFLP (Fig. 2). EuMV-MGS1 or SiMBV infections
remained symptomless (Figs. 1a, d), whereas SimMV-MGS1:07 or
SimMV-MGS2:07 inoculated plants were stunted with a mild leaf
curling (Figs. 1e, f). EuMV-MGS2 and ClLCrV induced chlorosis in
addition (Figs. 1b, c). Although closely related (98% SI), the MGS1 andFig. 4. Genetic properties of the Brazilian satellite DNAs compared with those of circoviruse
ClLCrD satellites (a, b) with the location of the replication-associated protein (REP) ORF, the A
Hpa II, Cla I, Bam HI, Eco RI and Pst I are marked at the nucleotide position (in brackets)
sequences of Rep (d) for EuMD and ClLCrD DNA 1 satellites (in bold) in comparison to thos
circoviruses (CV). EuMD and ClLCrD cluster with AYVD-Sin (X) in both analyses. Protein se
EuMD, ClLCrD and Old World DNA 1 Reps terminate at amino acid alignment position 338, e
and AYVD-Sin share a unique insertion of 13aa from alignment position 293–305 with eightMGS2 variants of EuMV were remarkably distinct in their symptoms.
Notably, the symptomatic EuMV-MGS2 carries 12 nt insertions in the
common region of both DNAs A and B. The isolates were inoculated to
Arabidopsis thaliana (Col-0), a model plant used for general molecular
biology research. EuMV-MGS1, EuMV-MGS2, and ClLCrV in combina-
tion with or without their satellites causedmild leaf rolling symptoms
(Fig. 5a) and spread systemically (Fig. 5b). All plants survived until
ﬂower set (Fig. 5a, 28 dpi), which is an important prerequisite for the
usefulness of these viruses as experimental tools. Satellite DNA was
efﬁciently replicated with the help of ClLCrV (Fig. 5b, asterisks), but
remained undetected in a ﬁrst experiment for EuMV-MGS1 samples
(Fig. 5b). In a second experiment, however, two of six EuMV-MGS1+
S infected plants and ﬁve of six ClLCrV+S infected plants showed the
expected satellite fragments (Fig. 5c, asterisks). These results prove
that A. thaliana is able to replicate both satellite DNAs. All isolates
were tested for their infectivity on tomato plants as a potential target
crop. Only EuMV-MGS2 was able to infect them systemically,
generating small chlorotic spots and slight stunting (Fig. 6a). The
plants, however, recovered at 6–7 weeks post infection, and the newly
developed leaves were symptomless (data not shown). In order to
fulﬁll Koch's postulates, Euphorbia heterophylla plants (Figs. 6b–d)
were challenged with RCA products from infected N. benthamiana
plants, which before had shown the characteristic DNA fragments fors, nanoviruses and Old World DNA 1 satellites. The genome organization of EuMD and
-rich region (A) and the predicted hairpin structure (HP) is shown. Recognition sites for
. Phylogenetic trees were calculated for the nucleotide sequences (c) and the protein
e of other DNA 1 satellites (D), the Rep encoding components of nanoviruses (NV) and
quence alignment (e) of the C-termini of satellite (DNA 1) and nanovirus (nano). Reps
xcept for AYVD-Sin which terminates at position 317 like nanoviral Reps. EuMD, ClMD
conserved amino acids (bold). Virus names and accession numbers are listed Table S4.
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satellite EuMD (Figs. 1, 2). Systemic infection was conﬁrmed (Fig. 6d).
EuMV-MGS2 and EuMV-MGS1 infection reduced plant sizes to
different degrees in comparison to mock-inoculated plants and
yielded leaf mosaic (Fig. 6c). The presence of the satellite correlated
with an increase of symptom severity of EuMV-MGS1, with additional
leaf crumpling and downward leaf rolling (Fig. 6b). This is the ﬁrst
indication that α satellites may be involved in the pathogenicity of
geminiviruses. Experiments to scrutinize the role of theα satellites on
symptom development are in progress and will be published
elsewhere. Inoculation of ClLCrV to Cleome serrata in combination
with its satellite induced severe leaf crumpling symptoms (Figs. 7a, b),
but the satellite DNA was detected only in one of four systemically
infected plants (Fig. 7c) and in none of 12 plants in a second
experiment (data not shown).
Discussion
Using RCA we found six new begomoviruses in weeds from Brazil,
and for the ﬁrst time in the American continent, two geminivirus-
associated satellite molecules, underlining the beneﬁt of this method
to ﬁnd unknown small circular viral DNAs. The satellites were
designated as α satellites, because of their similar genome organiza-
tion with a hairpin structure, an A-rich region and one large ORF
coding for a replication-associated protein (Rep) (Briddon et al.,
2004). The satellites EuMD and ClLCrD were quite different (75% DNA
SI and 88% Rep protein SI if compared to each other) and associated
with unrelated virus species (67% DNA A SI and 61% DNA B SI). It is,
therefore, likely that they have evolved independently and that many
more such satellites may be found in Brazil.
Comparing the Rep protein sequences, the Brazilian satellites were
only distantly related to otherα satellites (b44% SI), except for AYVD-Sin
(AJ416153) from Singapore (53–55% SI). This satellite was already
found to be phylogenetically isolated from the other satellites
(Briddon et al., 2004; Saunders et al., 2002). The predicted motifs
in its Rep (Briddon et al., 2004) were only weakly conservedwith the
exception of motif A, which showed 100% similarity with AYVD-Sin.Fig. 5. Transmission of EuMV, ClLCrV and its satellites to A. thaliana. RCA products from
infectedN. benthaminaplants as shown in Fig. 1were biolistically inoculated toA. thaliana.
Relatively mild symptoms of leaf rolling (a, inset) compared to mock-inoculated plants
(M) developed after EuMV-MGS1 (not shown), EuMV-MGS2 (a), or ClLCrV plus ClLCrD
infection at 14 dpi, and the plants survived until ﬂower set (28 dpi). Viral systemic
infection was veriﬁed by RCA/RFLP diagnosis with the indicated restriction enzymes for
two repeated experiments (b, c) and individual plants (lanes #1–6). Results for EuMV-
MGS1 (MGS1), EuMV-MGS2 (MGS2), or ClLCrV (ClV) in the presence or absence of the
cognate satellite (+S) are compared. The predicted fragment sizes derived from the
complete sequences of the viruses and satellites determined in this study are shown for
DNA A (red), DNA B (green), and satellite (black), and fragments of satellites are marked
with asterisks. The size standard (m) was Pst I-digested lambda DNA. Additional bands
(not depicted) may result from RFLP polymorphisms, incomplete digestion, or defective
DNA. The results show that all three viruses are able to infect A. thaliana and that the
satellite associated with ClLCrV replicates efﬁciently in this host without inducing
Fig. 6. Transmission of EuMV and/or its satellite DNA to tomato and E. heterophylla. RCA
products from individual infected N. benthamiana plants (Fig. 1) which had either
maintainedor lost the satelliteDNAwereused for biolistic inoculationof thedifferent virus
isolates: EuMV-MGS1 plus EuMD (1+S), EuMV-MGS1 alone (1), or EuMV-MGS2 (2).
Tomato (S. lycopersicum) plants infected by EuMV-MGS2 (2) developed mild symptoms
(yellow punctuate spots, a). E. heterophylla plants with different degrees of symptom
severity (b, c): EuMV-MGS2caused themildest andEuMV-MGS1plus satellites (1+S) the
most severe developmental changes in comparison to mock-inoculated plants (M). The
plants were grown for more than 5 months, and cuttings showed the persistence of the
symptom differences. Total nucleic acids from these plants were analyzed by RCA/RFLP
using Hpa II and 1% agarose gel electrophoresis (d). Size marker and predicted fragments
sizes of the target fragments are described in Fig. 5. Note that the intensities of the bands of
satellites (asterisks) in samples “1+S” are similar to eachother and to thoseof samples “1”
and “2”, but relatively higher than those of viral fragments in samples “1+S”.
additional symptoms.Besides quantitative considerations, a qualitative trait, an insertion in
EuMD, ClLCrD and AYVD-Sin hints at a common phylogenetic origin
of these satellites. The A-rich region was different in EuMD and
ClLCrD, but with 100 and 123 nts of about the size of A-rich regions in
DNAs 1 from Africa. Most DNA 1 molecules contain a larger A-rich
Fig. 7. Transmission of ClLCrV and satellite DNA to C. serrata. RCA products from N.
benthamiana as described in Fig. 6 containing ClLCrV plus ClLCrD satellite were
inoculated biolistically to four C. serrata plants and compared tomock-inoculated plants
(Mock). All plants were infected and exhibited strong leaf crumpling (a, b)
irrespectively of whether they ampliﬁed the satellite or not. Nucleic acids were
analyzed by RCA/RFLP using Bam HI as diagnostic enzyme (c) which should linearize
ClLCrV DNA B (F) and ClLCrD satellite (S). RCA products from ClLCrV/ClLCrD co-infected
N. benthamiana plants served as positive controls (C) for comparison. ClLCrD was only
detectable in one plant (c, lane #4) and in lower amounts than in the control sample.
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hand, the Brazilian satellite DNAs were different in their stem loop
structure from AYVD-Sin, but similar to group 3 DNA 1s from Africa
(Briddon et al., 2004).
DNA 1 satellites probably have evolved by adaptation of a
nanovirus component to whiteﬂy transmission after begomovirus
and nanovirus co-infection of plants (Mansoor et al., 1999; Saunders
et al., 2002; Saunders and Stanley, 1999), and Briddon et al. (2004)
suggested a single capture event for all known DNAs 1 with the
exception of AYVD-Sin. Due to their similarities, EuMD, ClLCrD and
AYVD-Sinmayhave evolved fromunknownnanovirus species. AYVD-Sin
could have been spread byman-made dissemination to Asia, since its
host Ageratum conyzoides, native in tropical America, was used in
medicine worldwide (reviewed in Okunade, 2002). Therefore, it is
possible that AYVD-Sin is a New World α satellite which has been
introduced into the Old World. Several geminiviruses have been
propagated with contaminated plant material, for example Tomato
yellow leaf curl virus (Duffy andHolmes, 2007),Abutilonmosaic virus(Wege et al., 2000), Beet curly top virus (Wisler and Duffus, 2000) or
Sweet potato leaf curl virus (Valverde et al., 2007). A high genomic
substitution rate has been detected for geminiviruses (Duffy and
Holmes, 2008) and may also be relevant for their satellites blurring a
former relationship. However, it is too early to draw a ﬁnal
conclusion on this issue, but with more α satellites likely to be
identiﬁed in South America soon, more details on the deﬁnite origin
of these satellites will accumulate.
In addition, two new species, two strains of SimMV and EuMVwith
two variants each, were cloned and sequenced. All viruses were able
to systemically infect N. benthamiana.
So far, Beet curly top curtovirus, Cabbage leaf curl begomovirus
and Bean yellow dwarf mastrevirus have been found to infect A.
thaliana plants systemically (Abouzid et al., 1992; Lee et al., 1994; Liu
et al., 1997). Exploiting the genetic information about this model plant
has been extremely helpful to learn more about plant–virus interac-
tions (Akbergenov et al., 2006; Blevins et al., 2006; Raja et al., 2008),
but the severity of these viruses limits their application. With ClLCrV
and EuMV with and without their satellites more experimental
options have become possible, since the infection appears comparably
mild in A. thaliana and the viruses can be transmitted by particle
bombardment. To our knowledge, this is also the ﬁrst report that an α
satellite is able to replicate in A. thaliana, opening the intriguing
opportunity to engineer a minimal plasmid with Rep gene and origin
of replication for functional genomics.
All samples were collected in a savaged garden of less than 100 m2
which was infested by a large whiteﬂy population. This raises the
question why no mixed infections have been detected, which
otherwise occur frequently for example in tomato or cassava cultures
(Garcia-Andres et al., 2007; Parrella et al., 2006; Pita et al., 2001).
ClLCrV, SiMBV, SimMV-MGS07-1, SimMV-MGS07-2, EuMV-MGS1 and
MGS2 infected plants grew only a few meters apart from each other
and were all of different species. The occurrence of high numbers of
whiteﬂies presumes the contact between the different viruses, but it
seems that the viruses share a highly speciﬁc adaptation to their host
plant. Remarkably, two neighboring Euphorbia plants of different
species harbored two different variants of EuMV, of which only -MGS1
was associated with a satellite. Whereas EuMV-MGS1 caused no
symptoms in N. benthamiana, severe symptoms were observed for
EuMV-MGS2. Additionally EuMV-MGS2 was able to infect tomato
systemically, underlining the differences in pathogenicity and host
adaptation of the two variants. In contrast, EuMV-MGS1 produced
slightly more severe symptoms in E. heterophylla.
In summary, mining a small garden for geminiviruses revealed
unexpectedly novel insights into the epidemiology of small DNA-
containing virus components and offered interesting new tools for
plant molecular biology.Materials and methods
Sample collection and inoculation of plants
Samples were collected in a private garden of about 100 m2 with
permission of the owner in the city of Miranda in the Pantanal region
(Mato Grosso du Sul, Brazil; 20°14′25″ S; 56°22′55″ W). Plants with
typical geminiviral symptoms like leaf curling, vein yellowing,
mottling and mosaics were harvested, leaf sap rubbed on FTA clone
saver cards (Whatman; Dassel) and air-dried (Ndunguru et al., 2005).
Source plant species were Euphorbia spp., C. afﬁnis L., Sida spp., S.
rhombifolia L., and S. micrantha Schr. (Table S2).
DNAs from the FTA cards were resurrected by RCA and the
potential viral DNAs were biolistically inoculated to N. benthamiana
Domin, A. thaliana L. (Col-0), C. serrata Jacq., Solanum lycopersicum L.
(tomato, cv. Moneymaker) and E. heterophylla L. plants as described
(Jeske et al. 2010).
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To purify DNA for RCA, three 2 mm disks were punched out from
the FTA clone saver cards and then washed once with 300 µl each of
TE buffer (10 mM Tris–HCl, 1 mM ethylenediaminetetraacetic acid
[EDTA], pH 8.0), EtOH (70%), TE (pH 8.0), washing buffer (100 mM
Tris–HCl, pH 8.0; 30% EtOH; 0.25% Nonidet P40), and EtOH (70%),
respectively. After transferring the disks to a fresh tube and air-drying
for 20 min, the DNA was eluted with 12 µl 10 mM Tris–HCl (pH 8.0)
overnight.
Ampliﬁcation of viral DNA
Viral DNA was speciﬁcally enriched by rolling circle ampliﬁcation
(RCA; TempliPhi kit, GE Healthcare, Munich) as described (Haible et al.,
2006).
Nucleic acid extraction
Total nucleic acids were extracted from plants using a modiﬁed
cetyl trimethylammonium bromide (CTAB)-employing protocol as
described (Paprotka et al., 2010a).
Cloning and sequence analysis
Bacterial cloning and sequence evaluation was performed using
RCA products and primer walking (Suppl. Table 1 and 2) as described
(Paprotka et al., 2010a). Sequence accessions used and obtained in
this study are listed in Tables S2, S3.
Acknowledgments
This work was supported by the German Academic Exchange
Service (DAAD) with a scholarship to T.P. (D/06/49587), and a
trilateral ERA-PG/BMBF project (to H.J., BMBF 0313986). We like to
thank Ryan Burdick, Krista Frankenberry and Christina Wege for
critically reading the manuscript, the gardeners D. Gotthardt and A.
Allinger for taking care of the plants, andMirjam andMarcelo Göring
Silva for their excellent guidance through the Pantanal.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virol.2010.05.003.
References
Abouzid, A.M., Hiebert, E., Strandberg, J.O., 1992. Cloning, identiﬁcation and partial
sequencing of a new geminivirus infecting Brassicaceae. Phytopathology 82, 1070.
Akbergenov, R., Si-Ammour, A., Blevins, T., Amin, I., Kutter, C., Vanderschuren,H., Zhang, P.,
Gruissem,W.,Meins Jr., F., Hohn, T., Pooggin,M.M., 2006.Molecular characterizationof
geminivirus-derived small RNAs in different plant species. Nucleic Acids Res. 34,
462–471.
Alberter, B., Ali Rezaian, M., Jeske, H., 2005. Replicative intermediates of Tomato leaf curl
virus and its satellite DNAs. Virology 331, 441–448.
Andrade, E.C., Manhani, G.G., Alfenas, P.F., Calegario, R.F., Fontes, E.P., Zerbini, F.M.,
2006. Tomato yellow spot virus, a tomato-infecting begomovirus from Brazil with a
closer relationship to viruses from Sida sp., forms pseudorecombinants with
begomoviruses from tomato but not from Sida. J. Gen. Virol. 87, 3687–3696.
Blevins, T., Rajeswaran, R., Shivaprasad, P.V., Beknazariants, D., Si-Ammour, A., Park, H.S.,
Vazquez, F., Robertson,D.,Meins Jr., F., Hohn, T., Pooggin,M.M., 2006. Four plantDicers
mediate viral small RNA biogenesis and DNA virus induced silencing. Nucleic Acids
Res. 34, 6233–6246.
Briddon, R.W., Stanley, J., 2006. Subviral agents associated with plant single-stranded
DNA viruses. Virology 344, 198–210.
Briddon, R.W., Bull, S.E., Amin, I., Mansoor, S., Bedford, I.D., Rishi, N., Siwatch, S.S., Zafar, Y.,
Abdel-Salam, A.M., Markham, P.G., 2004. Diversity of DNA 1: a satellite-like molecule
associated with monopartite begomovirus–DNA beta complexes. Virology 324,
462–474.
Briddon, R.W., Brown, J.K., Moriones, E., Stanley, J., Zerbini, M., Zhou, X., Fauquet, C.M.,
2008. Recommendations for the classiﬁcation and nomenclature of the DNA-beta
satellites of begomoviruses. Arch. Virol. 153, 763–781.Castillo-Urquiza, G.P., Beserra Jr., J.E., Bruckner, F.P., Lima, A.T., Varsani, A., Alfenas-Zerbini,
P., Zerbini,M.F., 2008. Six novel begomoviruses infecting tomato andassociatedweeds
in southeastern Brazil. Arch. Virol. 153, 1985–1989.
Dean, F.B., Nelson, J.R., Giesler, T.L., Lasken, R.S., 2001. Rapid ampliﬁcation of plasmid
and phage DNA using Phi 29 DNA polymerase and multiply-primed rolling circle
ampliﬁcation. Genome Res. 11, 1095–1099.
Duffy, S., Holmes, E.C., 2007.Multiple introductions of theOldWorld begomovirus Tomato
yellow leaf curl virus into the NewWorld. Appl. Environ. Microbiol. 73, 7114–7117.
Duffy, S., Holmes, E.C., 2008. Phylogenetic evidence for rapid rates of molecular evolution
in the single-stranded DNA begomovirus tomato yellow leaf curl virus. J. Virol. 82,
957–965.
Fauquet, C.M., Briddon, R.W., Brown, J.K., Moriones, E., Stanley, J., Zerbini, M., Zhou, X.,
2008. Geminivirus strain demarcation and nomenclature. Arch. Virol. 153, 783–821.
Fernandes, F.R., de Albuquerque, L.C., de Britto Giordano, L., Boiteux, L.S., de Avila, A.C.,
Inoue-Nagata, A.K., 2008. Diversity and prevalence of Brazilian bipartite Begomovirus
species associated to tomatoes. Virus Genes 36, 251–258.
Ferreira, P.T., Lemos, T.O., Nagata, T., Inoue-Nagata, A.K., 2008. One-step cloning approach
for construction of agroinfectious begomovirus clones. J. Virol.Methods 147, 351–354.
Garcia-Andres, S., Accotto, G.P., Navas-Castillo, J., Moriones, E., 2007. Founder effect, plant
host, and recombination shape the emergent population of begomoviruses that cause
the tomato yellow leaf curl disease in theMediterraneanbasin. Virology359, 302–312.
Greathead, A., 1986. Bemisia tabaci: a literature survey. In: MJW, C. (Ed.), Host Plants.
CABI, Inst Biol Control, Silwood Park.
Grigoras, I., Timchenko, T., Katul, L., Grande-Perez, A., Vetten, H.J., Gronenborn, B., 2009.
Reconstitution of authentic nanovirus from multiple cloned DNAs. J. Virol. 83,
10778–10787.
Gronenborn, B., 2004. Nanoviruses: genome organisation and protein function. Vet.
Microbiol. 98, 103–109.
Haible, D., Kober, S., Jeske, H., 2006. Rolling circle ampliﬁcation revolutionizes diagnosis
and genomics of geminiviruses. J. Virol. Methods 135, 9–16.
Homs, M., Kober, S., Kepp, G., Jeske, H., 2008. Mitochondrial plasmids of sugar beet
ampliﬁed via rolling circle method detected during curtovirus screening. Virus Res.
136, 124–129.
Inoue-Nagata, A.K., Albuquerque, L.C., Rocha, W.B., Nagata, T., 2004. A simple method
for cloning the complete begomovirus genome using the bacteriophage phi29 DNA
polymerase. J. Virol. Methods 116, 209–211.
Jeske, H., 2009. Geminiviruses. In: De Villiers, E.-M., zur Hausen, H. (Eds.), Torque teno
virus: the still elusive human pathogens. : Curr. Top. Microbiol. Immunol., Vol. 331.
Springer, Berlin; Heidelberg, pp. 185–226.
Jeske, H., Gotthardt, D., Kober, S., 2010. In planta cloning of geminiviral DNA: the true
Sida micrantha mosaic virus. J. Virol. Methods 163, 301–308.
Jovel, J., Preiss, W., Jeske, H., 2007. Characterization of DNA intermediates of an arising
geminivirus. Virus Res. 130, 63–70.
Jovel, J., Reski, G., Rothenstein, D., Ringel, M., Frischmuth, T., Jeske, H., 2004. Sida
micranthamosaic is associated with a complex infection of begomoviruses different
from Abutilon mosaic virus. Arch Virol 149, 829–841.
Knierim, D., Maiss, E., 2007. Application of Phi29 DNA polymerase in identiﬁcation and
full-length clone inoculation of tomato yellow leaf curl Thailand virus and tobacco
leaf curl Thailand virus. Arch. Virol. 152, 941–954.
Lee, S., Stenger, D.C., Bisaro, D.M., Davis, K.R., 1994. Identiﬁcation of loci in Arabidopsis that
confer resistance to geminivirus infection. Plant J. 6, 525–535.
Liu, L., van Tonder, T., Pietersen, G., Davies, J.W., Stanley, J., 1997. Molecular
characterization of a subgroup I geminivirus from a legume in South Africa. J. Gen.
Virol. 78, 2113–2117.
Mansoor, S., Khan, S.H., Bashir, A., Saeed, M., Zafar, Y., Malik, K.A., Briddon, R., Stanley, J.,
Markham, P.G., 1999. Identiﬁcation of a novel circular single-strandedDNA associated
with cotton leaf curl disease in Pakistan. Virology 259, 190–199.
Mansoor, S., Briddon, R.W., Zafar, Y., Stanley, J., 2003. Geminivirus disease complexes:
an emerging threat. Trends Plant Sci. 8, 128–134.
Morales, F.J., 2006. History and current distribution of begomoviruses in Latin America.
Adv. Virus Res. 67, 127–162.
Morales, F.J., Anderson, P.K., 2001. The emergence and dissemination of whiteﬂy-
transmitted geminiviruses in Latin America. Arch. Virol. 146, 415–441.
Morales, F.J., Jones, P.G., 2004. The ecology and epidemiology of whiteﬂy-transmitted
viruses in Latin America. Virus Res. 100, 57–65.
Nawaz-ul-Rehman, M.S., Mansoor, S., Briddon, R.W., Fauquet, C.M., 2009. Maintenance
of an old world betasatellite by a newworld helper begomovirus and possible rapid
adaptation of the betasatellite. J. Virol. 83, 9347–9355.
Ndunguru, J., Taylor, N.J., Yadav, J., Aly, H., Legg, J.P., Aveling, T., Thompson, G., Fauquet,
C.M., 2005. Application of FTA technology for sampling, recovery and molecular
characterization of viral pathogens and virus-derived transgenes from plant
tissues. Virol. J. 2, 45.
Okunade, A.L., 2002. Ageratum conyzoides L. (Asteraceae). Fitoterapia 73, 1–16.
Owor, B.E., Shepherd, D.N., Taylor, N.J., Edema, R., Monjane, A.L., Thomson, J.A., Martin,
D.P., Varsani, A., 2007. Successful application of FTA Classic Card technology and use
of bacteriophage phi29 DNA polymerase for large-scale ﬁeld sampling and cloning
of complete maize streak virus genomes. J. Virol. Methods 140, 100–105.
Paprotka, T., Boiteux, L.S., Fonseca, M.E., Resende, R.O., Jeske, H., Faria, J.C., Ribeiro, S.G.,
2010a. Genomic diversity of sweet potato geminiviruses in a Brazilian germplasm
bank. Virus Res. 149, 224–233.
Paprotka, T., Metzler, V., Jeske, H., 2010b. The complete nucleotide sequence of a new
bipartite Begomovirus species fromBrazil infecting Abutilon. Arch. Virol. 155, 813–816.
Parrella, G., Scassillo, L., Crescenzi, A., Nappo, A.G., 2006. Typing of tomato yellow leaf
curl viruses and their vector in Italy. Commun. Agric. Appl. Biol. Sci. 71, 1229–1236.
Pita, J.S., Fondong, V.N., Sangare, A., Otim-Nape, G.W., Ogwal, S., Fauquet, C.M., 2001.
Recombination, pseudorecombination and synergism of geminiviruses are determinant
157T. Paprotka et al. / Virology 404 (2010) 148–157keys to the epidemic of severe cassava mosaic disease in Uganda. J. Gen. Virol. 82,
655–665.
Raja, P., Sanville, B.C., Buchmann, R.C., Bisaro, D.M., 2008. Viral genome methylation as
an epigenetic defense against geminiviruses. J. Virol. 82, 8997–9007.
Ribeiro, S.G., Ambrozevicius, L.P., Avila, A.C., Bezerra, I.C., Calegario, R.F., Fernandes, J.J.,
Lima, M.F., de Mello, R.N., Rocha, H., Zerbini, F.M., 2003. Distribution and genetic
diversity of tomato-infecting begomoviruses in Brazil. Arch. Virol. 148, 281–295.
Saunders, K., Stanley, J., 1999. A nanovirus-like DNA component associated with yellow
vein disease of Ageratum conyzoides: evidence for interfamilial recombination
between plant DNA viruses. Virology 264, 142–152.
Saunders, K., Bedford, I.D., Briddon, R.W., Markham, P.G., Wong, S.M., Stanley, J., 2000. A
unique virus complex causesAgeratum yellowvein disease. Proc. Natl. Acad. Sci. U.S.A.
97, 6890–6895.
Saunders, K., Bedford, I.D., Stanley, J., 2002. Adaptation from whiteﬂy to leafhopper
transmission of an autonomously replicating nanovirus-like DNA component
associated with Ageratum yellow vein disease. J. Gen. Virol. 83, 907–913.Schubert, J., Habekuss, A., Kazmaier, K., Jeske, H., 2007. Surveying cereal-infecting
geminiviruses in Germany—diagnostics and direct sequencing using rolling circle
ampliﬁcation. Virus Res. 127, 61–70.
Simmons, A.M., Harrison, H.F., Ling, K.S., 2008. Forty-nine new host plant species for
Bemisia tabaci (Hemiptera: Aleyrodidae). Entomol. Sci. 11, 385–390.
Stanley, J., 2004. Subviral DNAs associated with geminivirus disease complexes. Vet.
Microbiol. 98, 121–129.
Valverde, R.A., Clark, C.A., Valkonen, J.P., 2007. Virus and virus disease complexes of
sweetpotato. Plant Viruses 1, 116–126.
Wege, C., Gotthardt, R.D., Frischmuth, T., Jeske, H., 2000. Fulﬁlling Koch's postulates for
Abutilon mosaic virus. Arch. Virol. 145, 2217–2225.
Wisler, G.C., Duffus, J.E., 2000. A century of plant virus management in the Salinas Valley
of California, ‘East of Eden’. Virus Res. 71, 161–169.
Wu, C.Y., Lai, Y.C., Lin, N.S., Hsu, Y.H., Tsai, H.T., Liao, J.Y., Hu, C.C., 2008. A simpliﬁedmethod
of constructing infectious clones of begomovirus employing limited restriction enzyme
digestion of products of rolling circle ampliﬁcation. J. Virol. Methods 147, 355–359.
